The mechanism of the cycloaddition reaction forming a bicyclic compounds between singlet vinylidene (H 2 C=C:) and ethylene was investigated using the CCSD(T)//MP2/6-31G  method. From the potential energy profile, it can be predicted that this reaction has one dominant channel. The presented rule of this reaction, a [2+2] cycloaddition reaction between the two reactants occurred forming a four-membered ring carbene (INT1), in which the sp lone electron of the C atom from carbene in INT1 and the π  unoccupied orbital of ethane form the sp→π  donor-acceptor effect, resulting in the formation of intermediate (INT2). Due to the further sp 3 hybridization of C atom from carbene in INT1, INT2 isomerizes to the bicyclic compound (P2) via the transition state (TS2).
INTRODUCTION
Since unsaturated carbene was recognized as an active intermediate in the 1960s, it has not only attracted much attention from theoretical chemists but has also been practically applied in organic chemistry. 1, 2 For example, it was shown that the cycloaddition reaction of unsaturated carbine can provide a simple and direct way for the synthesis of small-ring, highly strained compounds, as well as those that can hardly be synthesized through conventional ways. 2 Hitherto, in depth exploration of the rearrangement reaction of alkylidene carbine has been realized, 3, 4 and the insertion reactions of alkylidene carbene have also been studied. 5, 6 Apeloig and Fox performed experimental and theoretical studies on the 3-dimensional selectivity of substitute groups from the products of the vinylidene-olefins addition reactions of alkylidene carbene. 7, 8 In previous papers, the 744 LU, LIAN and LI mechanism of cycloaddition reaction between alkylidene carbene and asymmetric π-bonded compounds was explored. [9] [10] [11] [12] However, no report on the mechanism of the cycloaddition reactions between alkylidene carbene and symmetric π-bonded compounds, in which bicyclic compounds are formed, was found. It is quite difficult to investigate the mechanisms of these cycloaddition reactions directly by experimental methods due to the high activity of alkylidene carbene; therefore, a theoretical study is more practical. To explore the mechanism of cycloaddition reactions between alkylidene carbene and symmetric π-bonded compounds, in which bicyclic compounds are formed, vinylidene (H 2 C=C:) and ethylene were selected as model molecules. Its mechanism (considering simultaneous hydrogen transfer) was investigated and analyzed theoretically. The results showed that the cycloaddition reaction has two possible pathways, as follows:
13 implemented in the Gaussian 98 package was employed to locate all the stationary points along the reaction pathways. Full optimization and vibrational analysis were realized for the stationary points on the reaction profile. Zero-point energy and CCSD (T) corrections were included in the energy calculations. The CCSD(T) method consists of a coupled-cluster calculation with single, double and perturbative triple excitations. Thus, this method could generate more accurate energies than the MP2 method. In order to explicitly establish the relevant species, the intrinsic reaction coordinates (IRC) 14, 15 was also calculated for all the transition states appearing on the potential energy profile.
RESULTS AND DISCUSSION

Reaction (1): channels for forming the four-membered ring intermediate (INT1), the H-transfer product (P1b) and the three-membered ring product (P1a)
Theoretical calculations show that the ground state of vinylidene is singlet state. The geometrical parameters of the intermediate (INT1), transition states (TS1a, TS1b) and products (P1a, P1b) which appear in reaction (1) between vinylidene and ethene are given in Fig. 1 . The energies are listed in Table I , and the potential energy surface for the cycloaddition reaction is shown in Fig. 2 . The unique imaginary frequencies of the transition states TS1a and TS1b are 525.3 and 684.9 cm -1 , and consequently these transition states can be affirmed as real ones. According to the calculations of the IRC of TS1a and TS1b, further optimization for the primary IRC results, TS1a connects INT1 with P1a and TS1b connects INT1 with P1b.  geometrical parameters and atornic numbering for the species in the cycloaddition reaction (1), in which the bond lengths and bond angles are given in angstroms and degrees, respectively.
According to Fig. 2 , it can be seen that Reaction (1) has two reaction pathways a and b, both of which are composed of two steps, the first step is that the two reactants (R1, R2) form a four-membered ring intermediate (INT1), which is a barrier-free exothermic reaction of 22.9 kJ mol -1 ; the second step is that INT1 isomerizes to a three-membered ring product (P1a) and a H-transfer product (P1b) via transition states TS1a and TS1b, with energy barriers of 45.1 and 43.4 kJ mol -1 , respectively. As the barrier difference is only 1.7 kJ mol -1 , Reactions a and b mutually compete.
Reaction (2): the channel for forming the bicyclic compound (P2)
In Reaction (2), INT1 further reacts with ethylene (R2) to form a bicyclic compound (P2). The geometrical parameters of the intermediate (INT2), transi-746 LU, LIAN and LI tion state (TS2) and the product (P2) appearing in Reaction (2) are given in Fig.  3 . The energies are listed in Table 1 and the potential energy surface for the cycloaddition reaction is shown in Fig. 2 . The unique imaginary frequencies of the transition state TS2 is 180.1 cm -1 and, consequently, the transition state can be affirmed as a real one. According to the calculations of the IRC of TS2 and further optimization for the primary IRC results, TS2 connects INT2 with P2. 
Theoretical analysis and explanation of the dominant reaction pathway
According to the above analysis, the dominant reaction pathway of the cycloaddition reaction between singlet state vinylidene and ethylene as follows:
The frontier molecular orbitals of R1, R2 and INT1 in these reactions are shown in Fig. 4 . According to Fig. 4 , the mechanism of the reaction can be explained with the schematic frontier molecular orbitals diagrams (Figs. 5 and 6 ) and 
CONCLUSIONS
From the potential energy profile of the cycloaddition reaction between singlet vinylidene (H 2 C=C:) and ethane, forming a bicyclic compound, it can be predicted that this reaction has one dominant channel. The dominant channel of this reaction consists of three steps: i) the two reactants first form a four-membered ring carbene (INT1) through a barrier-free exothermic reaction of 22.9 kJ mol -1 ; 
